AIm: Bacitracin is one of the most frequently used agents for the topical irrigation of the cerebral cortex. The aim of this study is to investigate whether bacitracin has histopathological and ultrastructural effects when applied topically to the cerebral cortex. mATErIAl and mEThOds: Twenty-eight rats were randomly assigned to four groups. Except the control group, each rat underwent left frontoparietal craniectomy with dural removal. Then, in the sham group a piece of dry absorbable gelatin sponge was placed over the left hemisphere; in the saline group a gelatin sponge soaked in normal saline; and in the bacitracin group a gelatin sponge soaked in 500 units bacitracin was used. After 48 hours, brain tissues were extracted for histopathological and electron microscopic analyses.
INTRODUCTION
In clean neurosurgical procedures, the incidence of postoperative deep or superficial wound infections is possibly low. However, when it occurs, this complication may have catastrophic consequences. It is therefore essential to keep postoperative infection to an absolute minimum. The majority of authors have reported the beneficial effects of systemic antibiotics (3-5, 9-14, 17, 19, 20) . Topical irrigation with antibiotics in neurosurgical operations remains controversial in the prevention of the wound infections (2, 9-11, 17, 26, 30, 34, 36, 38 ).
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Bacitracin is a peptide antibiotic produced by Bacillus subtilis and exhibits activity against Gram-positive organisms (22) . Bacitracin is one of the most popular topical antibiotics used in the irrigation solution for neurosurgical cases (25, 31, 33, 37) . Although the systemic toxic effects have been investigated extensively (31) , no such published data regarding the neurotoxic effects of bacitracin when used topically were found.
The aim of this study was to investigate whether bacitracin has histopathological and ultrastructural effects when applied topically to the cerebral cortex.
MATERIAL and METHODS

Experimental Groups
Animal care and all experiments were in concordance with the European Communities Council Directive of November 24, 1986 (86/609/EEC) on the protection of animals for experimental use. All experimental procedures used in this investigation were reviewed and approved by ethical committee of Ministry of Health Refik Saydam Hifzissiha Institution. Twenty-eight adult male Wistar Albino rats weighing 250-350g were used. The rats were randomly assigned to four groups as follows:
Group 1: Control (n=7); no surgical intervention performed. Normal brain tissues were obtained.
Group 2: Sham (n=8); rats underwent craniectomy as described below. Dry gelatin sponge (Spongostan, Johnson & Johnson, USA) was placed on to the brain. Brain samples were removed 48-h after the procedure.
Group 3: Saline (n=7); rats underwent craniectomy as described below. Gelatin sponge soaked in 1 cc 0.9% normal saline solution was placed on to the brain. Brain samples were removed 48-h after the procedure.
Group 4: Bacitracin (n=6); rats underwent craniectomy as described below. Gelatin sponge soaked in 1 cc of 500 units bacitracin (Bacitracin, Pharmacia & Upjohn, USA) was placed on to the brain. Brain samples were removed 48 h after the procedure.
Anesthesia and Craniectomy Procedure
All rats were kept under environmentally controlled conditions at 22-25 o C with appropriate humidity and a 12-h light cycle, and granted free access to food and water. The animals were anesthetized by an intraperitoneal injection of 10 mg/kg xylazine (Rompun®, Bayer, Turkey) and 50 mg/kg ketamine (Ketalar®, Parke Davis, Turkey) and allowed to breathe spontaneously. A rectal probe was inserted and the animals were positioned on a heating pad in order to maintain the body temperature at 37 o C. The rats were placed in a prone position on the table. Midline skin incision was made on the head, and the coronal and the lambdoid sutures were observed. Each rat (except for Group 1) underwent left frontoparietal craniectomy with dural removal. Then, in the sham group, a piece of dry absorbable gelatin sponge of 0.5 x 0.5 cm. was placed over the left hemisphere; in the saline group, exactly the same size of absorbable gelatin sponge soaked in 0.9% normal saline solution; and in the bacitracin group, an absorbable gelatin sponge of the same size soaked in 500 units bacitracin was used. After the procedure the skin was sutured before termination of anesthesia.
All animals were anesthetized with the above-mentioned agents 48h after the procedure, and their brains were extracted immediately without any damage. Samples of neural tissues were obtained by excising left frontoparietal lobes from the boundary of the interhemispheric fissure and were subjected to light and electron microscopic analyses.
Tissue Processing for Light Microscopy
Brain tissue samples were fixed in 10% buffered formalin, dehydrated through a graded series of ethanol and processed for light microscopy according to routine methods. The paraffin blocks were then cut into sections of 5-µm thickness, stained with hematoxylin-eosin (H&E), and examined by light microscopy (Olympus, model: CX21FS1).
Sections from each rat were selected for quantification of the number of the dark stained neurons (DSN) in the cerebral cortex. At the middle of the cerebral cortex, two fields were chosen randomly using the X40 objective on each section. An ocular micrometer with a 100 µm x 100 µm counting grid area was used. Cortical neurons were counted by two observers who were blinded to the study groups. The neurons with euchromatic large nuclei were considered as normal while the neurons having a shrunken, hyperchromatic, basophilic perikaryon, which were darkly stained, were accepted as degenerating or dying neurons. DSN were previously shown to be indicators of neuronal death and degeneration (24) . Non-neuronal cells such as glial cells (distinguished from neurons according to cell size, nuclear shape, cytoplasm location, and characteristic staining patterns of chromatin), pericytes and endothelial vascular cells were excluded.
The number and percent of normal neurons and DSN were defined as the average of two microscopic fields in each rat, and then the data were expressed as the mean and standard derivation (SD) of the counts. For the quantification of perivascular cell infiltration and gliosis, the cerebral cortex was evaluated for each rat of every group under a light microscope and represented as the number and the percent of animals of each group.
Tissue Processing for Electron Microscopy
For electron microscopy, brain specimens were fixed by immersion in 2.5% glutaraldehyde in 0.1M phosphate buffer (pH 7.4) for 4-6h at 4 o C, post-fixed in 1% osmium tetroxide for 2h, dehydrated in an ascending alcohol series, and embedded in araldite. Semithin sections stained with toluidine blue were examined under light microscopy. Ultrathin sections stained with uranyl acetate and lead citrate were observed under the LEO 900 E transmission electron microscope (Carl-Zeiss, Germany).
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Statistical Analysis
Data analyses were performed using SPSS for Windows, version 11.5 (SPSS Inc., Chicago, IL, USA). Statistical analyses were performed using Fischer's exact test for cell infiltration around blood vessels. The Kruskal-Wallis test and Chi-square test were applied to evaluate the number and percent of normal neurons and DSN in the cerebral cortex. A "p" value less than 0.05 was considered statistically significant.
RESULTS
Light Microscopy
Light microscopic examination of the cerebral cortices from the control group showed a normal cellular composition with neurons and neuroglial cells. The brain parenchyma neuropil was homogeneous in appearance ( Figure 1A ).
The sham and the saline groups also showed normal structure of the neuronal and non-neuronal cells and neuropil containing cell processes, myelinated fibers and blood vessels ( Figure 1B, C) .
The bacitracin group demonstrated perivascular edema around blood vessels in the cerebral cortex. Mast cells were identified with metachromatic (deep violet) staining pattern and were closely associated with blood vessels. Some of the neuronal cells showed dark stained shrunken cytoplasm with dense nuclei (Figure 1D ).
There was no statistically significant difference between study groups in terms of cell infiltration and gliosis around blood vessels (Figure 2A-D) . Among the four groups, the DSN number was statistically higher in the bacitracin group when compared with the control, sham and saline groups (p<0.05) (Table I ). 
Electron Microscopy
Electron microscopic observations revealed that the control group showed neurons with intact cellular organelles ( Figure 3A ). In the sham and the saline groups, perinuclear cytoplasmic organelles were intact in general, but there was mild dilatation of the rough endoplasmic reticulum. Some mitochondria demonstrated disorganization and vacuolization in the neuropil ( Figure 3B, C) . In the bacitracin group, almost all the cytoplasmic organelles were poorly preserved. Dilatation of the rough endoplasmic reticulum and intracristal swelling of mitochondria were evident. There were few ribosomes scattered in vacuolated cytoplasm. 
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Perivascular edema around blood vessels, and dilated cell processes were seen ( Figure 3D ).
DISCUSSION
Postoperative wound infection is an important, preventable cause of mortality and morbidity in neurosurgical practice. In general, postoperative infection rates in clean neurosurgical wounds range from 0.8 to 6% with 3-4% being the expected average rate (29) . Prophylactic use of antibiotics in clean neurosurgical operations remains controversial (16, 23) . Most of the studies published on this subject indicate the use of prophylactic antibiotics in neurosurgical operations (5, 12-14, 17, 23, 28, 29, 32, 38) . Barker (2) and Haines and Walters (18) reported that their meta-analysis of published randomized studies comparing prophylactic antibiotics to a placebo showed that antibiotics were advantageous in craniotomies.
Topical irrigation of neurosurgical incisions with antibiotics has had proponents and opponents (34, 35) . In daily neurosurgical practice, more than a few neurosurgeons use topical antibiotics in their irrigation solutions.
Bacitracin is a polypeptide antibiotic, produced by a strain of Bacillus subtilis. This strain was isolated from a compound fracture in a young girl named Tracy in 1943, adopting the name "bacitracin". Since its discovery, bacitracin has been widely used to treat various infections. In a concentration of less than 5 units per milliliter, bacitracin inhibits the growth of a variety of gram-positive cocci and bacilli, Neisseria, H. influenza, and Fusobacterium. Higher concentrations are bactericidal (25).
In neurosurgical practice, bacitracin concentrations varying from 500 to 5000 units/ml have been used in the irrigation fluid (15, 21, 27, 37) . Furthermore, it was reported that bacitracin was not epileptogenic even at the highest concentrations when applied topically (31) and this has increased the popularity of its use in irrigation fluids. However, we showed that topical application of bacitracin to the cerebral cortex has neurotoxic effects in this study.
There is no previous study on the toxic effects of topical application of the bacitracin to the cerebral cortex. In this study, light microscopic evaluation of the tissues revealed statistically significant higher number of DSN in the bacitracin group when compared to the control, sham and saline groups. Dark stained neurons are considered by many neuropathologists to be morphological changes indicating a variety of biochemical, ischemic, or toxic insults (1, (6) (7) (8) 24) . According to the criteria of Cammermeyer (7), these DSN appear to be in vivo phenomena and differ from the solitary dark neurons ascribed to post-mortem artifact. In our study, the control, sham and saline groups had fewer DSN than the bacitracin group, indicating that DSN may be an indicator for the neurotoxicity of topical bacitracin. The presence of perivascular edema and mast cells close to the blood vessels in the bacitracin group may also indicate a disruption of bloodbrain barrier integrity. A major controversial point related to DSN is whether these cells can regain their normal functions.
However, DSN represents a reactive neuronal change in cells, and they can survive for a considerable period of time (1).
Electron microscopic evaluation of the bacitracin group revealed that cytoplasmic organelles were poorly preserved. The rough endoplasmic reticulum was dilated, and intracristal swelling of mitochondria and a vacuolated cytoplasm were observed. Perivascular edema and dilated cell processes were seen in the neuropil. These results show that topical usage of bacitracin caused ultrastructural changes in the neurons.
This study has some limitations. The number of rats in each group could be increased. More diluted and concentrated dosages may be investigated. Later biochemical assessment may provide better results in further studies. Another limitation of this study is the lack of functional outcome measures.
CONCLUSION
In conclusion, topical application of the bacitracin on to the cerebral cortex may induce local inflammation via mast cells that causes histopathological and ultrastructural changes in the neural tissue. These histopathological and ultrastructural changes may be the evidence regarding the neurotoxic effects of bacitracin used in irrigation solutions. More studies are needed to assess the safety of bacitracin before its use in irrigation solutions.
